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Grafting an internal thoracic artery to a coronary artery with moderate 
stenosis remains controversial. Competitive flow from the native coronary 
artery has been proposed as the cause of distal narrowing and ultimate 
failure of the internal thoracic artery graft. We investigated intraoperative 
phasic blood flow in internal thoracic arteries grafted to coronary arteries 
with various degrees of stenosis and the influence of stenosis on postoper- 
ative angiographic findings. One hundred patients who underwent corn- 
nary artery bypass grafting of an internal thoracic artery to the left anterior 
descending coronary artery were divided into three groups according to 
degree of coronary stenosis. Group 1 included 39 patients who had 75% or 
less stenosis, group 2 included 34 patients with stenosis from 76% to 90%, 
and group 3 included 27 patients with stenosis greater than 90%. Mean flow 
and peak systolic flow of internal thoracic artery graft in group I were lower 
than those in group 2 (p < 0.01, p < 0.05). Peak diastolic flow in group 1 
showed no difference from flows in groups 2 and 3. In eight patients in 
group 1, internal thoracic artery flow showed a predominant diastolic peak 
with characteristic systolic reversal as a result of competitive flow from the 
native coronary artery. Angiography at 1 month showed that the internal 
thoracic artery graft was patent in every case. Relative contributions of 
native coronary artery and internal thoracic artery flow to distal perfusion 
differed among the three groups (p < 0.001). In group 1, 15% of patients 
showed native-dominant flow, 62% showed balanced flow, and 23% showed 
internal thoracic artery-dependent flow. In group 2, 9% of patients showed 
native-dominant flow, 29% showed balanced flow, and 62% showed internal 
thoracic artery-dependent flow. In group 3, 96% of patients howed internal 
thoracic artery-dependent flow. String sign of the internal thoracic artery graft 
developed in only three patients; in two of these patients internal thoracic 
arteries were grafted to coronary arteries with stenosis of 50% or less and in the 
other patient here was competitive flow from a diagonal vein graft. Eleven of 
13 internal thoracic arteries grafted to coronary arteries with stenosis of 50% 
or less did not show string sign. Competitive flow from a moderately stenotic 
coronary artery did not predispose the patient toward string sign of the 
internal thoracic artery graft in the presence of substantial diastolic internal 
thoracic artery flow. We conclude that internal thoracic artery grafting is 
acceptable for a moderately stenotic oronary artery. (J Thorac Cardiovasc 
Surg 1996;112:253-9) 
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p rogression of atherosclerosis in nongrafted cor- 
onary arteries adversely influences thelong-term 
results of coronary artery bypass grafting (CABG). 1 
Atherosclerotic changes may progress not only with 
severe stenosis in coronary arteries but also in those 
with moderate stenosis. 2 To improve the long-term 
results of CABG and reduce the need for reinter- 
vention, surgical indications have been extended to 
include coronary arteries with less than critical 
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stenosis) The internal thoracic artery (ITA) is rec- 
ognized as providing an excellent long-term patency 
rate. Use of the ITA as a bypass graft to the left 
anterior descending (LAD) coronary artery im- 
proves long-term survival after CABG 4' 5 and there- 
fore is preferable whenever indicated. "String sign" 
or "distal thread phenomenon," angiographically 
described as diffuse distal narrowing of the ITA 
graft, has, however, been reported. 6-8 High compet- 
itive flow from the native coronary artery with 
moderate stenosis has been proposed as the cause of 
reduced ITA graft flow and resulting ITA narrow- 
ing. 6-9 Distal narrowing of the ITA graft has been 
attributed to medial necrosis and fibrosis as a result 
of ischemic injury caused by mobilization, 6 spasm, I° 
and surrounding inflammation as occurs in postcar- 
diotomy syndrome. 11 On the other hand, experi- 
mental studies demonstrated that ITA graft flow 
was maintained at greater than in situ levels, even 
when the ITA was grafted to a completely patent 
coronary artery and both ITA graft and native 
coronary flow contributed to distal coronary perfu- 
sion,i2, 13 and it has been suggested that competitive 
flow may not be the cause of ITA narrowing. It 
remains controversial whether coronary arteries 
with moderate stenosis are suitable for ITA grafting. 
Although blood flow in the ITA grafted to coronary 
artery has a phasic property, the relationship be- 
tween the hemodynamics of ITA grafts and postop- 
erative angiographic findings have not been studied. 
The purpose of this study was to investigate 
intraoperative hemodynamics of ITA grafts to LAD 
coronary arteries with various degrees of stenosis 
and to evaluate the influence of native coronary 
artery and ITA flows on the patency of ITA grafts. 
Material and methods 
One hundred patients who underwent elective CABG 
at Kanazawa University Medical Center were studied. 
Each patient received an ITA graft to the LAD artery and 
additional arterial or vein grafts to other coronary arter- 
ies. The patients ranged in age from 39 to 77 years, with a 
mean age of 62 years, and included 19 women and 81 men. 
Coronary arteries with 75% or more reduction in luminal 
diameter were considered to be significantly obstructed, 
but arteries with lesser degrees of obstruction were occa- 
sionally bypassed when operation was indicated for a 
substantial lesion in another vessel. Two of the patients 
had one-vessel disease, 22 had two-vessel disease, 47 had 
three-vessel disease, and 29 had had left main coronary 
artery disease. Fifty-four patients had a history of remote 
myocardial infarction documented by electrocardio- 
graphic hanges, enzymatic hanges, or both. Left ventric- 
ular ejection fractions ranged from 0.30 to 0.85 (mean 
0.58). 
Preoperative ITA flow was measured by transthoracic 
duplex imaging combined with the pulsed Doppler 
method of computed sonography (SSH-160A; Toshiba 
Corp., Tokyo, Japan). TM The ITA was dissected with a 
pedicle from the first rib to the bifurcation into the 
superior epigastric and musculophrenic branches. Free 
flow from the distal cut end of the ITA was measured by 
the timed volumetric ollection method after pharmaco- 
logic dilation by intraluminal injection of diluted papav- 
erin chloride. The internal diameter of the ITA was 
measured with caliber probes in 0.5 mm gradations. 
CABG was performed with myocardial preservation by 
the administration of cold crystalloid potassium cardiople- 
gic solution. All distal anastomoses were performed ur- 
ing a single period of aortic crossclamping. Patients 
received an average of 2.9 grafts each. The overall total 
was 288 grafts, including 116 ITAs, two right gastroepi- 
ploic arteries, and 170 saphenous vein grafts. Ninety-four 
left ITAs and six right ITAs were anastomosed to the 
LAD artery. The blood flow in the ITA graft was mea- 
sured with a transit-time ultrasonic blood flowmeter 
(HT101; Transsonic Systems, Ithaca, N.Y.) after discon- 
tinuation of cardiopulmonary b pass. The transducer 
probe was fixed around the ITA graft at the beginning of 
the distal third portion. The ultrasonic field of the probe 
was filled with jelly to stabilize ultrasonic transmission and 
ensure that clear flow waves were displayed. The ITA did 
not have to be skeletonized for flow measurements. The 
ultrasonic transit-time theory works as follows: The trans- 
ducers are positioned on one side of the vessel and the 
reflector bracket is situated midway between the two 
transducers on the opposite side of the vessel. The two 
transducers pass wide-beam ultrasonic signals back and 
forth, alternately intersecting the full area of the vessel 
twice on the pathway reflected by the acoustic reflector. 
The flowmeter then accurately measures the "transit 
time" required for the ultrasonic wave to travel from one 
transducer to the other. The difference between the 
upstream and downstream integrated transit times is a 
measure of volume flow. 15 The ultrasonic transit-time 
flow meter system has several advantages, including direct 
metering of volume flow, nonconstrictive fit around the 
vessel, and zero baseline stability. Electrocardiograms and 
volume flow waves were recorded on a thermal-array 
recorder (RTA-1100; Nihon Kohden Corp., Tokyo, Ja- 
pan). 
The patients were divided into three groups according 
to degree of obstruction i  either the left main or LAD 
coronary artery. The degree of coronary obstruction was 
determined with the edge-detection method (Cardio 500; 
Kontron Electronic AG, Eching, Germany) and was de- 
fined according to the classification of the American 
Heart Association Grading Committee. 16 Group 1 in- 
cluded 39 patients who had moderate stenosis of the 
grafted coronary artery; 13 patients had 50% or less 
stenosis of the coronary artery, and 26 patients had from 
51% to 75% stenosis of the coronary artery. Group 2 
included 34 patients with coronary stenosis ranging from 
76% to 90%. Group 3 included 27 patients with coronary 
stenosis greater than 90%. In group 1, 28 patients had 
stenosis in the LAD coronary artery and 11 patients had 
stenosis in the left main coronary artery. In group 2, 22 
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Table I. Clinical characteristics of groups 
Group 1 
(n = 39) 
Group 2 
(n = 34) 
Group 3 
(n = 27) 
No. No. No. 
Factor (or value) % (or value) % (or value) % 
Age (yr) 61.9 _+ 1.3 63.1 _+ 1.3 
Sex (male:female) 27:12 28:6 
Body surface area (m a) 1.57 _+ 0.02 1.59 _+ 0.03 
Coronary artery disease 
One-vessel 0 0 1 
Two-vessel 6 15 9 
Three-vessel 22 56 12 
Left main 11 28 12 
Left ventricular ejection fraction 0.58 -+ 0.02 0.58 _+ 0.02 
Previous myocardial infarction 19 49 20 
Anterior myocardial infarction* 1 3 10 
60.1 -+ 1.7 
26:1 
1.64 + 0.03 
3 1 4 
27 7 26 
35 13 48 
35 6 22 
0.57 ± 0.03 
59 15 56 
29 11 41 
*Significant difference among the three groups;p < 0.01. 
patients had stenosis in the LAD coronary artery, six had 
stenosis in the left main coronary artery, and six had 
stenosis in both coronary arteries. In group 3, 21 patients 
had stenosis in the LAD coronary artery, one had left 
main coronary stenosis, and five had stenosis of both 
coronary arteries. 
Selective coronary angiography was performed in each 
patient 1 month after operation. Coronary catheters with 
hand injection of low-osmolar radiographic contrast me- 
dia were routinely used. According to the angiographic 
findings obtained from both native coronary artery and 
ITA injections, the pattern of relative contribution of the 
native LAD coronary artery and ITA graft to distal 
perfusion were classified into three categories: (1) domi- 
nant native coronary artery flow, (2) flow balanced be- 
tween native coronary artery and ITA graft, and (3) flow 
dependent on ITA graft. String sign of the ITA was 
defined as diffuse distal narrowing, with a diameter less 
than 1.0 mm. 
Cumulative data were expressed as the mean _+ stan- 
dard error of the mean. Statistical analysis was performed 
with Fisher's Exact Test, analysis of variance, and Scheffe's 
F test to detect significant (p < 0.05) differences among 
measured variables. 
Results 
Clinical characteristics of the three groups are 
shown in Table I. There were no differences in age, 
sex, or body surface area among the three groups. 
There were also no differences in coronary artery 
disease, left ventricular ejection fraction, or history 
of myocardial infarction among the three groups. 
The incidence of anterior myocardial infarction in 
group 1 was significantly lower than those in the 
other groups (p < 0.005). 
Volume flow waves of the ITA graft showed 
biphasic configurations and were classified into 
three types (Fig. 1). In type A, ITA flow showed a 
ECG 
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Fig. 1. Profiles of ITA graft flow. A, Predominantly dia- 
stolic flow, with peak systolic flow less than peak diastolic 
flow. B, Predominantly diastolic flow, with reversed sys- 
tolic flow. C, Predominantly systolic flow, with peak 
systolic flow greater than peak diastolic flow. ECG, Elec- 
trocardiogram. 
predominant diastolic peak and lower systolic peak. 
In type 17, ITA flow showed a predominant diastolic 
peak and negative systolic flow; that is, a to-and-fro 
pattern. In type C, ITA flow showed a predominant 
systolic peak and lower diastolic peak. The distribu- 
tion of flow wave profiles in the ITA graft is shown 
in Table II. In group 1, 31 patients (79%) showed 
type A profile and eight patients (21%) showed type 
B profile, but none of the patients howed type C 
profile. Eight of 13 patients with coronary stenosis 
of 50% or less showed type A profile, and the other 
five patients howed type B profile. In groups 2 and 
3, most of the patients howed type A profile. None 
of the patients in groups 2 and 3 showed type B 
profile. Four patients in groups 2 and 3 who showed 
type C profile had diffuse atherosclerosis of the 
LAD coronary artery on preoperative coronary an- 
giography. There were significant differences in the 
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Table II. Profiles of ITA graft flow 
Group 1 Group 2 Group 3 
m = 3~ m = 3~ m = 2~ 
Profi~ofITA 
~aflf low No. % No. % No. % 
Type A 31 79 33 97 24 89 
Type B 8 21 0 0 0 0 
Type C 0 0 1 3 3 11 
incidences of flow wave profiles among the three 
groups (p < 0.005). 
ITA graft blood flow data are shown in Table III. 
Before operation, there was no difference in ITA 
flow among the three groups. During operation, 
there were no differences in luminal diameters of 
the LAD coronary artery or of the ITA graft among 
the three groups. There were no differences in the 
free flow from the cut end of the ITA graft among 
the three groups. Mean ITA flow in group 1 was 
significantly ower than that in group 2 (p < 0.01). 
Peak systolic ITA flow in group 1 was significantly 
lower than that in group 2 (p < 0.05). There were no 
significant differences in peak diastolic ITA flow 
among the three groups. The time-flow integral, 
which is the area between the flow curve and the 
zero baseline, was measured in systole and diastole 
with the peak of the R wave and the end of T wave 
on the electrocardiogram used as reference markers 
for systole. The ratio of the time-flow integral in 
diastole to the total time-flow integral in both 
systole and diastole was defined as the percentage 
diastolic fraction. Percentage diastolic fraction was 
100% when the systolic time-flow integral was neg- 
ative. Percentage diastolic fraction in group 1 was 
significantly greater than fractions in groups 2 and 3 
(p < 0.01). This difference was the result of low or 
negative systolic flow in group 1. 
Angiographic findings of the native coronary ar- 
tery and ITA graft are shown in Table IV. All 
patients in the three groups showed a patent ITA 
graft, but two group 1 patients and one group 3 
patient showed stenosis of 50% at the ITA anasto- 
mosis. Distal coronary artery flow showed three 
patterns: native-dominant flow, balanced flow, and 
ITA-dependent flow. The distribution of these three 
patterns differed significantly among the three 
groups (p < 0.001). Of 88 patients with a type A flow 
profile, 52 showed ITA-dependent flow, 31 showed 
balanced flow, and five showed native-dominant 
flow. In group 1, eight patients with type B flow 
profile revealed systolic reversal of contrast medium 
Table IlL Flow data of ITA grafts 
Group 1 Group 2 Group 3 
Factors (n = 39) (n = 34) (n = 27) 
Preoperative ITA 46.8 _+ 3.2 49.2 _+ 3.1 50.6 -+ 4.0 
flow (ml/min) 
Diameter of LAD 1.83 + 0.04 1.81 _+ 0.04 1.71 -- 0.05 
coronary artery 
(mm) 
ITA graft diameter 1.82 _+ 0.04 1.87 -+ 0,04 1.87 -+ 0.05 
(mm) 
Free ITA graft 93.5 -- 6.5 103.0 _+ 8.3 94.8 _+ 6.4 
flow (ml/min) 
Mean ITA graft 34.8 -- 3.1" 53.0 -2_ 4.5 38.3 -+ 4.9 
flow (ml/min) 
Peak systolic ITA 21.6 + 3.7t 37.9 -+ 4.1 29.4 _+ 4.1 
graft flow (ml/min) 
Peak diastolic 68.6 _+ 4.6 78.2 _+ 4.2 69.1 _+ 7.0 
ITA graft flow 
(ml/min) 
Diastolic fraction (%) 76.6 + 2.% 65.2 _+ 2.1 62.2 _+ 3.0 
*p < 0.01 versus group 2. 
tp < 0.05 versus group 2. 
:~p < 0,01 versus groups 2 and 3. 
from native coronary arteries into ITA grafts. Four 
of these eight patients howed native-dominant flow 
and four showed balanced flow. The four patients 
with type B flow profile and native-dominant flow 
had coronary stenosis of 50% or less, and two of 
them showed string sign of the ITA graft. One 
patient with coronary stenosis of 75% and type A 
flow profile showed native-dominant flow derived 
from a vein graft bypassed to the diagonal branch 
and demonstrated string sign in the ITA graft. None 
of the three patients who showed ITA string sign 
had angina or were found to have ischemia by 
myocardial scintigraphy. Eleven of 13 ITAs grafted 
to coronary arteries with stenosis of 50% or less 
were fully patent for the entire length. In group 2, 
three patients howed native-dominant flow derived 
from a vein graft bypassed to the diagonal branch. 
None of the patients in groups 2 and 3 showed string 
sign of the ITA graft (p = 0.089). All four patients 
with type C flow profile in groups 2 and 3 showed 
ITA-dependent flow. 
Discussion 
This quantitative ultrasonic analysis of phasic 
blood flow in 100 ITAs grafted to coronary arteries 
with various degrees of stenosis howed that peak 
diastolic flow in ITA grafts showed no significant 
difference related to severity of coronary stenosis. It
was also revealed that mean flow in ITAs grafted to 
moderately stenotic arteries was lower than that in 
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those grafted to severely stenotic arteries as a result 
of low or reversed systolic flow. Flow in eight of 39 
ITAs grafted to moderately stenotic arteries howed 
characteristic systolic reversal from competitive 
flow. Angiography at 1 month showed that string 
sign of the FFA graft had developed in two patients 
with coronary stenosis of 50% or less and to-and-fro 
ITA flow and in another patient with competitive 
flow from a diagonal vein graft. Of 13 ITAs grafted 
to coronary arteries with 50% or less stenosis, 
however, 11 did not show string sign. These results 
suggest hat ITA grafting to coronary arteries with 
moderate stenosis does not predispose the patient 
toward string sign in the presence of substantial 
diastolic ITA flow. 
Normal coronary artery flow is highest during 
diastole and decreases to nothing in early systole, 
when maximal myocardial compressive force devel- 
ops.17, 18 Intravascular Doppler analysis of the pha- 
sic blood flow velocity within ITA grafts during 
cardiac catheterization revealed that the proximal- 
distal ITA flow patterns howed a gradual transition 
from a predominant systolic peak and lower dia- 
stolic peak, resembling phasic flow in the subclavian 
artery, to a predominant diastolic peak and lower 
systolic peak, resembling native coronary artery 
flow. 19 In our study, as in previous tudies, 2° the flow 
pattern in most ITAs grafted to severely stenotic 
arteries showed a predominant diastolic peak and 
lower systolic peak. The flow pattern of systolic 
reversal with a predominant diastolic peak was 
observed characteristically in ITAs grafted to mod- 
erately stenotic arteries. In these coronary arteries, 
systolic compressive force may expel high native 
coronary flow retrogradely into the ITA graft in the 
presence of a delay in systolic pulse pressure at the 
distal end of the ITA. 21 This may explain why 
narrowing is observed at the distal segment of the 
ITA. Nasu and coworkers 2a reported that intravas- 
cular Doppler velocimetry showed systolic reversal 
flow at the distal segment of the ITA grafted to the 
LAD coronary artery with 50% stenosis, In our 
study, string sign was observed only in ITAs that 
were grafted to moderately stenotic oronary arter- 
ies and had low flow with systolic reversal. Compet- 
itive flow from the native coronary artery is thought 
to be an important factor in string sign of the ITA 
graft, as previously reported. 6-9 If string sign of the 
ITA graft were related to injury, we would expect it 
to be more focal and to be found anywhere along 
the length of the graft. Histologic characteristics 23 
and increased contractility 24at the distal section of 
Table IV. Postoperative angiographic findings of 
native coronary artery and ITA 
Group 1 Group 2 Group 3 
Angiographic findings (n = 39) (n = 34) (n = 27) 
Stenosis at ITA anastomosis 2 5 0 0 1 4 
Patterns of distal LAD 
coronary artery flow 
Native-dominant flow 6 i5 3 9 0 0 
Balanced flow 24 62 10 29 1 4 
ITA-dependent flow 9 23 21 62 26 96 
String sign of ITA graft 3 8 0 0 0 0 
the ITA could also be responsible for string sign of 
the ITA graft. 
ITA flow decreased from 47 ml/min before oper- 
ation to 35 ml/min after grafting to coronary arteries 
with moderate stenosis. Adaptation to decreased 
flow proceeds more rapidly than response to in- 
creased flow. Diameter changes are completed 
within 2 weeks after flow rates are decreased. 25 The 
rapid response of reduction in arterial diameter to 
decreased flow can be caused by vasomotor factors 
alone and is considered endothelium dependent. 26
Carrel and colleagues reported the cases of 45 
patients who received ITA grafts and then received 
additional saphenous vein grafts because of ITA 
malperfusion. Early postoperative angiography (<8 
weeks) revealed widely patent ITAs and patent vein 
grafts in 48% and narrowed ITA grafts and patent 
vein grafts in 40%; patent vein grafts and nonvisu- 
alized ITAs were found in 9%. Late angiographic 
results (12 to 24 months) showed widely patent ITA 
grafts and patent vein grafts in 57%, narrowed 
ITA grafts and patent vein grafts in 36%, and patent 
vein grafts and nonvisualized ITA grafts in 7%. No 
major differences were found between early and late 
angiograms. We considered angiography 1 month 
after the operation appropriate for assessing the 
influence of hemodynamics on the patency of ITA 
grafts. It is not known whether sustained vasomotor 
response inevitably gives rise to subsequent remod- 
eling of the arterial wall. Our study showed that 11 
of 13 ITAs grafted to coronary arteries with stenosis 
of 50% or less were fully patent along the entire 
length, and only two of them showed string sign. 
ITA grafting for coronary arteries with noncritical 
stenosis did not cause a high incidence of string sign. 
Sheer stress has been implicated in vascular emod- 
eling, as It is tempting to hypothesize that significant 
sheer stress caused by high diastolic peak flow might 
prevent string sign in the ITA graft. 
The ITA was preferentially grafted to the most 
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important coronary artery, the LAD coronary ar- 
tery, because of its excellent long-term patenc D
When the LAD coronary artery shows noncritical 
stenosis, we must consider whether the artery should 
undergo ITA  grafting. Wide patency along the en- 
tire length of the graft is important. In early expe- 
rience with ITA  grafting, Barner 6 noted an 11% 
prevalence of distal narrowing in the ITA  graft at 
1-year postoperative angiography. All grafts that 
showed narrowing had been normal at angiography 
1 week after operation. The incidence of ITA  nar- 
rowing decreased thereafter to 2%. 29 A similar 
incidence was observed by Geha and Baue, 7 and a 
noncritical lesion in the coronary artery was consid- 
ered a contraindication for ITA  grafting. Seki and 
coworkers 9 reported that 9.5% of ITAs grafted to 
LAD coronary arteries showed string sign or were 
occluded and that most of these ITA  grafts had been 
bypassed to coronary arteries with stenosis of 50% 
or less. Cosgrove and associates 3 reported that ITAs 
grafted to coronary arteries with stenosis of less than 
50% had a 92.3% patency rate, which was similar to 
the rate of 96.3% for ITAs grafted to coronary 
arteries with greater than 50% stenosis. They did 
not observe string sign in the ITA  graft in 13 
patients who later underwent catheterization. Ur- 
schel and colleagues 3° reported that intraoperative 
angioplastic dilation of native lesions proximal to 
ITA  grafts had no apparent adverse effects on graft 
patency 1 to 7 years later, despite the increase in 
competing flow. In a discussion of Cosgrove and 
associates' work, 3 F lemma reported the cases of two 
patients in whom both ITA  and saphenous vein 
bypass grafts were placed on the LAD coronary 
artery. The ITA  graft atrophied and was just a string 
for its entire length on further follow-up. In a similar 
situation, ITA and vein grafts may be placed on the 
same coronary artery system. In our studies, nine 
patients received an ITA  graft to the LAD coronary 
artery and also a vein graft to its diagonal branch; 
there was no obstruction between the two, and one 
patient showed string sign of the ITA graft. ITA 
grafts with string sign have been sporadically re- 
ported to retain recruitable patency for the long 29 or 
short term. 31 It is not clear whether recruitable 
patency is a common finding or whether most ITA 
grafts with string sign show subsequent graft closure. 
We conclude that ITA grafting for the LAD 
coronary artery with moderate stenosls is accept- 
able. There was not a high incidence of string sign of 
the ITA. and the graft did not harm the native 
coronary artery. Analyses Of phasic blood flow in 
ITAs grafted to coronary arteries with stenosis of 
50% or less suggest good ITA  function, although 
these are only 1-month results, and we cannot 
recommend prophylactic ITA  grafting until further 
studies of longer duration have demonstrated its 
beneficial influence on CABG. 
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